INTRODUCTION {#sec1-1}
============

Death due to traumatic injury is the leading cause of life years lost throughout the world and hemorrhage is responsible for 30 to 40% of total trauma mortality, accounting for almost 50% of the deaths in the first 24 hours following trauma. Coagulopathy, together with hypothermia and acidosis, forms a "lethal" triad associated with a poor prognosis.\[[@ref1]\] Recently, an early and previously unrecognized acute coagulopathy of trauma (ACT) was described in 25% of admitted patients and occurring before the above-mentioned traditional causes of traumatic coagulopathy.\[[@ref2]\] This ACT has injury severity and shock and hypoperfusion as the key drivers, and is characterized by activation of the protein C system and hyperfibrinolysis.\[[@ref2]\] In the last decade, the concepts of damage control surgery have evolved, prioritizing early control of the cause of bleeding by temporary, non-definitive means. Similarly, the concept of damage controls resuscitation, i.e., providing large amount of blood products to critically injured patients in an immediate and sustained manner as part of an early massive transfusion protocol, reducing the amount of crystalloid administered, has been introduced.\[[@ref3][@ref4]\] The rationale behind this resuscitation concept is to transfuse red blood cells, plasma, and platelets (PLT) in the same proportion as found in circulating whole blood, thus leading toward a unit-for-unit ratio to prevent and treat coagulopathy due to massive hemorrhage. It should be emphasized, however, that such a practice at best will result in a hematocrit around 30%, coagulation factor concentration of about 65%, and a PLT count of approximately 90, and thus being far from what normally circulated in the vascular system.\[[@ref4]\]

The aim of the present review, therefore, was to investigate the potential effect on survival of hemostatic resuscitation with proactive administration of plasma and PLT in comparison with red blood cells (RBCs) in trauma patients with massive bleeding.

MATERIALS AND METHODS {#sec1-2}
=====================

English databases, including MEDLINE, Science Direct, Cochrane Central Register of Controlled Trials, and Blackwell Science, were searched for reports of massive transfusions in a trauma setting that tested the effects of administration of plasma and/or PLT in relation to RBCs on survival from January 2005 to November 2010. The starting time point was selected as 2005, because this was the first time early and aggressive administration of fresh frozen plasma (FFP) and PLT was suggested as a mean of resuscitation for massively bleeding patients.\[[@ref3][@ref4]\] The keywords, used both individually and in combination, were massive transfusion, damage control resuscitation, hemostatic control resuscitation, massive transfusion protocol, FFP transfusion, PLT transfusion, RBC transfusion, FFP : RBC ratio, PLT : RBC ratio, and blood product ratios.

The inclusion criteria were (1) Massively transfused patients, defined as receiving 10 or more RBCs within 24 hours or less; (2) The presence of two or more patient groups with different transfusion strategies with regard to administration of plasma and/or PLT in relation to RBC; (3) Presenting outcome data defined as 30-day mortality or mortality rate at discharge from hospital with regard to FFP and/or PLT transfusion; and (4) A retrospective observational investigation or interventional study. Given the large heterogeneity between studies in reporting different ratios of FFP and/or PLT in relation to RBCs, we chose to compare the highest vs the lowest transfusion ratios from each study included.

Statistical meta-analyses were conducted using the RevMan 5.0.25 software package. The overall pooled risk ratio (relative risk) and 95% confidence interval (CI) were calculated with the inverse variance method.\[[@ref5]\] We used the random-effects model in anticipation of clinical and methodological diversity between trials.\[[@ref6]\] Statistical heterogeneity between trials was measured by the I^2^ statistic, which describes the proportion of heterogeneity not ascribed to random error.\[[@ref7]\] For all calculations, two-tailed *P* values of less than 0.05 were considered statistically significant.

RESULTS {#sec1-3}
=======

No randomized studies evaluating the effect of different transfusion ratios were identified. Instead, sixteen studies for evaluation encompassing 3 663 patients receiving either high or low transfusion ratios and the characteristics of these studies are presented in [Table 1](#T1){ref-type="table"}.\[[@ref8]--[@ref23]\] Confounding factors not possible to obtain when analyzing the data were time of transfusion, age of the blood products, and status of the patients other than being traumatized and in need for massive transfusion. There were ten studies that tested the effect on survival in relation to FFP or PLT to RBC ratio, two studies investigated the effect of FFP and PLT to RBC ratios. Four studies evaluated implementation of massive transfusion protocols with preemptive FFP and PLT administration vs historic controls \[[Figure 1](#F1){ref-type="fig"}\].
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FFP/RBC ratios ranged from the highest 1: 1 (0.5) to 1 : 9 (0.1) among all studies. Concerning FFP : RBC ratios, the eight studies included a total of 975 patients receiving a high FFP : RBC ratio and 907 patients receiving a low FFP : RBC ratio. Two studies were reports from the combat setting in Iraq encompassing 633 patients of whom 521 patients received a high FFP : RBC ratio.\[[@ref8][@ref15]\] One study was from Germany\[[@ref10]\] and the remaining were reports from different Level 1 trauma centers in USA.\[[@ref9][@ref11]--[@ref13][@ref23]\] The pooled analysis of the studies furnishing data shows that there was a significantly lower mortality in patients receiving a high FFP: RBC ratio (Odds ratio (OR): 0.43, 95% CI: 0.34 -- 0.55). There was significant heterogeneity between studies (I^2^ = 62%).

Two studies addressed the effect of high vs low PLT transfusion rates in 641 massively bleeding trauma patients of whom 333 received high PLT: RBC ratio.\[[@ref17][@ref19]\] One study was from the combat setting in Iraq, whereas the other reported from an American Level 1 trauma center. The analysis of the two studies furnishing data shows that there was a significantly lower mortality in patients receiving a high PLT : RBC ratio (OR: 0.45, 95% CI: 0.37--0.55), and this finding was not associated with heterogeneity between the studies (I^2^ = 0%).

One study evaluated the effect of both FFP and PLT : RBC ratios in 466 patients at 16 US Level 1 trauma centers of whom 216 patients received high ratios, and this was associated with a significantly lower mortality (OR: 0.59, 95% CI: 0. 0.48--0.73) compared with the low ratios group.\[[@ref14]\] Shaz *et al*. reported that high vs low transfusion ratios were associated with improved 30-day survival: plasma : RBC, 59% vs 44%, *P*=0.03; PLT : RBC, 63% vs 33%, *P*\<0.01; and cryoprecipitate : RBC, 66% vs 41%, *P*\<0.01.\[[@ref16]\]

Four American studies evaluated the effect of implementing a massive transfusion protocol on mortality in 858 patients of whom 513 patients received Massive transfusion protocol (MTP)\[[@ref18][@ref20]--[@ref22]\] and this was associated with significantly lower mortality (OR: 0.63, 95% CI: 0.53 -- 0.74) and this finding was not associated with significant statistical heterogeneity between the studies (I^2^ = 0%).

When pooling all the 16 studies, there was a significantly lower mortality in patients receiving high ratios of plasma and/or PLT or MTP (OR: 0.49, 95% CI: 0.43--0.57). The finding was associated with significant statistical heterogeneity between the studies (I^2^ = 59%).

DISCUSSION {#sec1-4}
==========

The result of the present meta-analysis confirms that early aggressive administration of plasma and PLT in addition to RBCs is associated with a lower mortality in massively bleeding patients as compared with patients resuscitated with low ratios. In each of the subgroups investigated, there was a significantly lower mortality observed in those resuscitated with high FFP and/or PLT to RBC ratios when the analysis was based on dichotomous stratification of blood product ratios. Contrary to this, Snyder *et al*. reported that when adjusting for the timing of the FFP transfusion, no significant improvement in survival was detected between patients receiving more FFP at 24 hours post-admission and those receiving less.\[[@ref11]\] They reported of a possible survivorship bias related to those patients who lived long enough were the ones who received a higher FFP: RBC ratio, suggesting that the difference in mortality was related to factors other than the transfusion therapy. This is in agreement with other recently published studies.\[[@ref24][@ref25]\] Scalea *et al*, retrospectively assessed the relationship between FFP transfusion and survival in trauma patients and reported that in a subset of 81 patients who received more than 10 units of RBCs within 24 hours of admission, no significant difference was found between those who received an FFP: RBC ratio of 1 : 1 compared with those who received a lower FFP : RBC ratio when controlling for age, gender ISS, closed head injury, laparotomy status, and length of Intensive care unit (ICU) stay.\[[@ref24]\] These diverging results may be explained by the timing of the FFP administration in relation to when the patients arrive at the hospital, which is important for the outcome of massively bleeding patients. Johansson *et al*. introduced thawed plasma, enabling immediate administration of FFP together with RBC upon arrival at the trauma center while at the same time reducing the amount of crystalloids and colloids administered to these patients; this resulted in a reduction in mortality.\[[@ref3]\] The same conclusion was reported by Cotton *et al*.\[[@ref18]\] also having thawed plasma available and hence, avoiding a delay in plasma transfusions. Administration of large amounts of crystalloids to maintain adequate intravascular volume dilutes the level of coagulation factors, fibrinogen, and PLT, and administration of colloids further worsens the coagulopathy by interfering with fibrin polymerization, resulting in a clot with reduced strength and stability.\[[@ref26]\] Furthermore, Cotton *et al*. also reported that not only was the 30-day survival higher in the trauma exsanguination protocol (TEP) group compared with controls, but the incidence of pneumonia, pulmonary failure, and abdominal compartment syndrome was lower in TEP patients. Severe sepsis or septic shock and multiorgan failure were also lower in TEP patients (9% vs 20% and 16% vs 37%, respectively).\[[@ref18]\] Furthermore, the TEP group received more blood products intraoperatively, although the 24-hour total transfusion requirements were lower than in controls, suggesting that early and aggressive administration of plasma and PLT reduces the need for later blood transfusions due to improved hemostasis, and that this is important for survival in massively bleeding patients. Interestingly, Riskin *et al*. reported that implementation of a massive transfusion protocol did not change the transfusion ratios but this may be related to that the time to first FFP and PLT transfusions were above 2.5 hours and consequently severe coagulopathy must have occurred before balanced transfusion therapy was instituted.\[[@ref21]\] This is in alignment with Dutton *et al*.\[[@ref27]\] reporting that the median survival for those dying of uncontrollable hemorrhage was 2 hours and these patients are consequently not resuscitated by delayed balanced transfusion therapy as outlined by Riskin *et al*.\[[@ref21]\]

The current meta-analysis investigated the highest vs the lowest transfusion ratios and consequently do not reveal an "optimal ratio" of FFP to RBCs. Furthermore, equally important, the timing of the FFP transfusions in relation to when administration of RBC was commenced were not reported in most of the studies evaluated and without this information, mere ratios provide insufficient information. This is illustrated by that the literature demonstrates conflicting results: Maegele *et al*. showed that an FFP : RBC ratio \>1 : 1 was associated with the highest survival in German trauma patients,\[[@ref10]\] whereas Kashuk *et al*. reported that patients receiving an FFP : RBC ratio of 1 : 2-1 : 3 had the highest survival and that a higher ratio was not associated with better outcome, but instead might be harmful.\[[@ref28]\] This is in alignment with Davenport *et al*. who recently reported that FFP : PRBC ratios of ≥1 : 1 do not confer any additional advantage over ratios of 1 : 2 to 3 : 4, although it should be noted that in this study, the most severely bleeding patients were excluded due to blood sampling failure.\[[@ref29]\] It should be noted, however, that there might be more than one optimal resuscitation ratio according to trauma severity, degree, and dynamics of blood loss, and previous fluid administration among other factors.

The importance of the ACT for mortality reported by Frith and colleagues is established, whereas the optimal treatment of this condition remains elusive.\[[@ref30]\] Duchesne *et al*. specifically address this issue finding that in approximately 30% of those requiring massive transfusion presented with a prothrombin time (PT) \>1.2 and, hence, trauma induced coagulopathy:\[[@ref13]\] They found that administration of a high ratio of FFP was associated with a significantly lower mortality than patients treated with low ratios. This finding is especially interesting considering that activation of the protein C system is driven by thrombin generation and, therefore, an intervention supporting thrombin generation could have been expected to worsen the ACT.

Also, given that ACT is associated with endothelial damage\[[@ref31]\] and glycocalyx degradation,\[[@ref32]\] it is notable that freshly thawed FFP exerts a protective effect on the endothelium and glycocalyx and reduces its permeability in animal models of hemorrhagic shock models.\[[@ref33][@ref34]\] It could be speculated that early administration of high levels of freshly thawed FFP in patients with acute traumatic coagulopathy may contribute to improved survival by protecting the endothelium and thereby attenuating the downstream organ damage associated with capillary leakage.

The role of PLT for intact hemostasis is well established and in the present review, nine of the studies reported improved survival in the group of patients receiving the highest ratios of PLT to RBC, i.e., the most PLT. This is in agreement with Johansson *et al*,\[[@ref35]\] who demonstrated that administration of PLT together with plasma and RBC immediately upon arrival in the operation theatre and throughout surgery was associated with reduced postoperative bleeding and a 50% increase in the 30-day survival in patients undergoing surgery for a ruptured abdominal aortic aneurysm. This was further corroborated by Perkins *et al*, who reported in a multiple regression analysis that PLT transfusion was independently associated with survival.\[[@ref26]\]

Whole blood viscoelastical assays such as TEG and ROTEM have been shown to be superior to conventional coagulation assays in identifying clinically relevant coagulopathies as well as in reducing the need for blood transfusion in patients undergoing major surgery.\[[@ref36][@ref37]\] In massively transfused trauma patients, TEG has been shown to predict the need for blood transfusion\[[@ref38]\] as well as identify ATC including hyperfibrinolysis.\[[@ref39]\] The use of TEG/ROTEM in massively bleeding trauma patients is now recommended by current guidelines\[[@ref40]\] and teaching books\[[@ref41]\] and it could be speculated that systematic use of TEG/ROTEM to identify coagulopathy and guide transfusion therapy might be superior to blind transfusion based on different ratios and this warrants further evaluation.

The main limitation of this review is that it only compared the highest vs lowest transfusion ratios and consequently, no information of a potential optimal transfusion ratio in between was evaluated. Furthermore, a significant statistical heterogeneity between the studies included was found and this should be considered when interpreting the results.

CONCLUSION {#sec1-5}
==========

This meta-analysis of retrospective studies concerning massively transfused trauma patients confirms a significantly lower mortality in patients treated with the highest FFP and/or PLT ratio when compared with the lowest FFP and/or PLT ratio. The optimal FFP : RBC and PLT : RBC ratios remain to be established.
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